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The use of Fourier transformation to describe and 
compare averaged evoked brain potentials is investigated. 
One method of computation of the transform is presented 
with examples of its application. Some possible impli-
cations and uses are discussed. 
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CHAPTER I 
INTRODUCTION 
Averaged evoked potentials (AEPs) are widely used in 
the investigation of brain electrical response following 
sensory stimulation. The technique of recording these 
responses is essentially the same as that employed in 
electroencephalography and may be considered a special 
case of EEG signal analysis. 
Electroencephalography (EEG) is the technique of re-
cording and interpreting the spontaneous voltage fluctu-
ations of the brain. Its history (Magoun 1959) begins in 
1875 with the publication of Richard Caton's article 
(Caton 1875) reporting brain voltage fluctuations re-
corded from rabbits. Nearly fifty years later, in 1924 
(Magoun 1959) I Hans Berger, a German psychiatrist, began 
recording the varying electrical potentials of the human 
brain through the intact skull. His early work was re-
ported in 1929 (Berger 1929) and was confirmed by Adrian 
and Mathews at Cambridge in 1933 (Adrian et al 1934). The 
first human electroencephalograms (EEGs) recorded in the 
United States were probably done at Harvard in 1934 
(Magoun 1959, Gibbs et al 1935) • 
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The manner in which brain voltage fluctuations are 
produced is not fully understood. It is generally agreed 
that the measured potential represents the sum of the 
fluctuations of many millions of individual neurons. In 
addition, the voltage fluctuations of the individual cells 
are more or less synchronized depending upon the location 
and function of the cells and the overall activity of the 
brain (Magoun 1959) • 
It is felt that the electrical activity of the cell 
bodies and their receptor structures (dendrites) is 
largely responsible for the measurable voltage fluctu-
ations. The nerve impulse (axonal action potential) of 
the cell's effector structure is almost certainly not 
associated with these fluctuations (Magoun 1959). 
The brain's voltage variations can be detected in-
directly on the scalp and directly on its surface and in 
its depths. They may occur slowly over a period of many 
seconds, minutes or hours (the so-called dc potentials) 
or as rapidly as hundreds of times per second (record-
able from the cerebellum only). Their amplitudes gener-
ally range from 1 to 100 microvolts, but may reach a few 
hundred or even 1000 or more microvolts. 
The frequencies and amplitude of the voltage fluc-
tuations vary from area to area throughout the brain and 
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from time to time in any area. Generally, homologous 
areas on the right and left sides of the brain have fluctu-
ations which are synchronous and of similar amplitude. 
By placing the electrodes (usually 12 or more) on 
the scalp, these minute voltage fluctuations can be read-
ily recorded. For each tracing ("channel") two electrodes 
are connected to an R-C coupled, push-pull amplifier. The 
potential of one electrode with respect to the other as 
both vary in time canl thus be amplified for display by 
various means. Ink-writing units and moving graph paper 
are the most widely used for clinical applications. The 
recorded EEG is therefore a voltage-time graph with voltage 
on the ordinate and t~me on the abscissa. 
Most modern electroencephalographs have eight to six-
teen channels, i.e., independent, identical sets of ampli-
fiers and ink-writing units which record from eight to six-
teen electrode pairs simultaneously on one strip of paper. 
The resulting graph is called a multi-channel electro-
encephalograph. 
EEG signals have been found to change with both physi-
ological and pathological changes in brain function. Be-
cause of the clinical importance of these changes, electro-
encephalography is available as a diagnostic aid in nearly 
all neurological and psychiatric hospitals, most medical 
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schools and in many private hospitals and practices. 
The clinical interpretation of EEGs is almost ex-
clusively a process of pattern recognition by skilled 
electroencephalographers. These patterns may involve the 
whole record, a small part of it, or the subtle relation-
ships between parts of the record. Patterns associated 
with normal changes (Gibbs and Gibbs Vol. 1 1950) such 
as occur during sleep-wakefulness cycle and with increas-
ing age in childhood have been found. Also such patho-
logical conditions as epilepsy, brain tumor, and brain 
damage may produce characteristic changes in the EEG re-
cord. (Gibbs and Gibbs, Vols. 2, 3 1952) 
The problem of extracting this or other significant 
information from the spontaneous EEG by mathematical 
methods of signal analysis, is an important and challeng-
ing one. This thesis deals with a related problem. 
Rather than the spontaneous voltage fluctuations of 
the brain, the responses associated with sensory stimula-
tion are studied. Interestingly enough, Caton was record-
ing responses to stimulation when he discovered the sponta-
neous activity technique (Caton 1875). However, the present 
technique of evoked response detection was pioneered by 
Dawson in 1942 (Dawson 1942, 1951). 
Basically this approach considers the evoked response 
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to be a minute signal masked by the "noise" of the brain's 
other electrical activity (Krauss 1963). When a large num-
ber of these responses containing uncorrelated "noise" are 
added together, the noise should tend to cancel out. The 
sum would then be proportional to the average evoked re-
sponse. The result is called the average evoked potential 
(AEP) • 
In order to obtain the AEP two major modifications 
of conventional electroencephalography are necessary 
(Figure 1). First, some form of sensory stimulation is 
employed (e.g. a stroboscopic photic stimulator). Second, 
segments of the record following the stimulus presentations 
are summed (Figure 2:' .adapted from Ellingson, 1967). 
Frequently a single pair of electrodes is used. 
Usually one electrode is placed over the area of the brain 
mediating the sensory modality stimulated, in this case 
the occipital or "visual" cortex. The other electrode is 
placed at a remote location, commonly an electrically 
neutral one such as an earlobe. The amplifying system is 
usually the same as that used for conventional electro-
encephalography. 
Generally a conventional electroencephalograph is 
recorded throughout the entire series of stimulus presen-
tations. This continuous record of the brain's electrical 
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activity is necessary to verify the level of conscious-
ness of the subject for correlation with the responses 
to the stimuli. 
The stimulus trigger provides signals which can be 
used to mark the record and control the summing device. 
If the record is on magnetic tape it may be played into 
the summating instrument at a convenient time and rate. 
Following each stimulus, as indicated by the trigger sig-
nal, the summating instrument accepts the amplifier or 
tape recorder output for a period of time adequate to in-
clude the evoked response. As each succeeding response 
is accepted its values at each point in time are added 
to the values of its predecessors at corresponding points 
in time. Both analog and digital computing devices have 
been used for this purpose. 
It is assumed that the ongoing brain activity or 
"noise ll will produce voltage fluctations occurring ran-
domly in time with respect to the stimulus and will tend 
to sum to zero. The evoked response is assumed to gen-
erate voltage fluctuations "time locked" to the stimulus 
which will sum to definite positive and negative values 
(Figure 2). 
After an appropriate number of responses have been 
processed their sum is called the average evoked potential 
j,lt, ,j 
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(AEP) and may be displayed by ink-writing units, oscil-
loscopes, or X-Y plotters. 
Differences in the AEPs have been reported for such 
normal physiologic conditions as attentiveness and sleep 
compared to relaxed wakefulness (Donchin et al 1967, 
Garcia-Austt 1963, Wilkinson et al 1966), increasing age 
in infancy (Ellingson 1967, Ferriss et al 1967), learning 
involving the stimulus (Begleiter et al 1967, John et al 
7 
1963), and time of presentation of the stimulus in relation 
to on going brain activity (Lansing 1957). Changes have 
also been reported for abnormal conditions such as in-
duced hypothermia (Boakes et al 1967), developmental 
retardation (Barnet et al 1967), drug administration 
(Purpura et al 1958), and operatively removed occipital 
(visual) cortex (Corletto et al 1967) • 
The interpretation of EEGs and AEPs involves em-
pirically demonstrated relationships. That is, recog-
nizable patterns in the recorded brain voltage fluctu-
ations (spontaneous or evoked) have been found to be 
associated with certain of the brain1s functional states. 
The AEP is usually described in terms of the time of 
occurrence ("latency") and amplitudes of its peaks of 
positive and negative fluctuation. There is probably 
additional significant information contained in the AEP 
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From an engineering point of view, the light stimulus 
may be regarded as an impulse function ct(t) and the AEP 
the empirically determined impulse response '1t-\:::) of the 
system. Taking the Fourier transform of a waveform yields 
the sinusoidal waves (amplitude and phase) which if added 
together would reproduce the original waveform. If that 
waveform is the impulse response of a system, its Fourier 
transform is the system function t4(i~)' 
In this thesis one method and some implications of 
Fourier transformation of AEPs will be investigated. 
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CHAPTER II 
MATHEMATICAL CONSIDERATIONS 
Introduction 
Discussion of AEPs in terms of mathematical models 
involves two interrelated problems. One of these problems 
is to describe how average evoked potentials are obtained; 
the other is to describe the AEPs themselves. For either 
problem the choice of an appropriate model is dependent 
upon assumptions made concerning brain electrical activi-
ty and response. 
The brain's spontaneous electrical activity is gener-
ally represented by a Gaussian stochastic process. This 
model is sufficiently accurate for most present appli-
cations and is considerably easier to use than are other 
possibly. more realistic models (Siebert 1959) . 
The evoked electrical activity may be considered as 
occurring independently of the spontaneous activity, or 
as an expression of some change in that activity. 
~ Deterministic Approach 
The assumption usually made is that the brain's 
electrical response to one light flash is essentially 
} , ~ I ) ) 
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the same as it is to any other, and the problem of record-
ing this response is one of signal detection (Krauss 1963). 
Thus, following a light flash, the recordable electrical 
activity yet) is considered to be the sum of the activity 
produced as a response to the flash and that generated by 
the ongoing brain activity. If the response activity is 
the signal set) and the ongoing activity is noise net) 
then: yet) = set) + n(t). 
If net) has a Gaussian amplitude distribution which 
is uncorrelated with the stimulus and a number of outputs 
are summed, net) will tend to sum to zero. The signal to 
noise ration will be increased in proportion to the square 
root of the number of outputs summed. Also, the variance 
of yet) is assumed to equal the variance of net) • 
This is the assumption underlying most evaluations 
of differences between AEPs recorded under different con-
ditions (Donchin 1966, Ruhkin 1965). That is, to be sig-
nificant the difference must be greater than could be ex-
pected on the basis of noise interference. There is 
reason to believe that the evoked electrical responses 
set) are not identical, even under similar conditions 
(Brazier 1964, Ellingson 1967). 
To account for this variability, a "set" of possible 
responses can be assumed (Welch 1966). This set is 
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subdivided into subsets of responses anyone of which may 
occur under the circumstances appropriate to that subset. 
Thus, in determining the variance of the summed re-
sponses, the variance of the evoked responses, as well as 
that of the noise must be considered. 
This is a statistical approach in that the AEP is 
not considered to be an estimate of a single response, 
but an estimate of the average of a group of responses. 
~ Probabilistic Approach 
Goldstein (Goldstein 1961) has suggested that proba-
13 
bilistic models are appropriate when the phenomenon studied 
is too complex and/or insufficiently understood for the 
application of other methods, or when the phenomenon is 
in fact, probabilistic. Both have been considered appro-
priate ways of thinking about brain electrical activity 
(Brazier 1963, Goldstein 1961) . 
If this activity is probabilistic, then the AEP is 
not an estimate of some response or group of responses 
obscurred by noise. Rather, it is an estimate of the 
brain's altered on going activity. When no stimulus is 
presented, the electrical activity of the brain as esti-
mated by its average tends to be zero. Averages of the 
brain's electrical activity following stimuli tend not to 
1\'1 
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equal zero. 
The applications of probabilistic models, i.e. the 
Stochastic process model to EEGs (Brazier 1963, Siebert 
1959) and AEPs (Goldstein in Commun. Biophysics Gp. 1959) 
has been discussed elsewhere. 
Basically, a stochastic process is a collection of 
time functions. A multi-channel EEG could be one example. 
Perhaps a better one is the collection of the brain's 
voltage fluctuations, whether recorded or not. 
If the stochastic process is stationary, i.e. certain 
(specified) of its statistics do not vary with time, and 
if it is ergodic for the mean, i.e. the averages of all 
its member functions are nearly identical, then a sam-
pIe average of one member function can be considered a 
good indication of the mean of the process. 
For application to AEPs Goldstein (Commun. Biophysics 
Gp. 1959) has suggested a "periodically time-varying" sto-
chastic process, i.e. one with periodically varying sta-
tistical characteristics. Thus, the mean (or other sta-
tistics) of the process at one point in its period can be 
estimated by the mean of values from one of its member 
functions, if these values are obtained by periodically 
sampling that function at the appropriate point in its 
period. 
w ~ 
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This model would be appropriate for those experiments 
in which periodic stimuli are employed. In order to deal 
with AEPs obtained from responses to aperiodic stimuli, the 
model would have to be generalized. This generalization 
would require considerations of a stationary or periodi-
cally varying random process whose statistics vary in some 
regular way following an impulse input. The way in which 
the process·s statistics vary would depend on whether the 
stimuli occurred periodically or randomly and upon the 
time in the process cycle at which they occurred. 
Fourier Transformation 
Regardless of what assumptions are made about brain 
electrical activity, the AEP is an established empirical 
phenomenon. certain characteristics of AEPs, such as the 
"latencies" of their "peaks" are remarkably reproducible 
regardless of investigator or averaging process, and have 
been shown to vary according to experimental subject and 
conditions. As AEPs become more widely employed in inves-
tigation of the sensory systems, comparisons of AEPs by 
amplitude and latencies of their peaks will become less 
I 
satisfactory. 
One way of describing an apparently irregular wave 
form such as the AEP is in terms of the sinusoidal wave 
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components necessary to simulate it. For biological sys-
terns it is especially important to remember that such si-
nusoidal components probably were not responsible for the 
original wave. Nevertheless, determining the amplitudes 
and phase (lag) of the components of AEPs would provide 
an objective means of comparison. The Fourier transform 
provides this information. Its defining equation: 
CO 
H ( ~w ) =:.f.(tk-i...-t. 
may be thought of as a special case of the Laplace trans-
form: 
cmQ 
HCsl= fic*) <cst d::t 
o 
where 
The convergence term,~, is equal to zero and the 
lower limit of the integral is zero because the AEP does 
not exist before the stimulus occurs and essentially zero 
one second later. 
Using Euler's identity: 
= coS 
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The equation may be rewritten: 
QQ 
H( ~w ) ~ jh.(+.) c£ awi: d.± 
co 
= fi(+.) coS wt diX.-~Jh(t.)Sin wt d±. 
-00 - 00 
In order to use sampled or discrete data the integrals are 
written as sums. 
GO 
H(k~)= 2?h(~Je.os ~ ~ 
.lta.=:-eo 
Then letting 
and 
the equation becomes 
H(hW",,)= X(wj- ~'J(W~J 
The magnitude and phase Of~(~6J)can then be determined 
and displayed as functions of ~. Ii-I( k W,.) I=~ X~) + y(~,) 
L&lj~ = tc.n' -y(w~ (W,J 
,~ ...... ~ ............... 
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Interpretation of this information is based to some 
extent on the assumptions made concerning the AEP. In 
any case AEPs may be quantitatively compared on the basis 
of the sinusoids required to simulate them. 
If the AEP is assumed to be the impulse response of 
the system extracted from noise, then its transform has 
additional meaning. 
The system equation or transfer function is defined: 
where Y(k~) is the output 
y(~~) 
XCd- tu) 
(AEP) and)«(~~)iS the input 
(light flash) the photic stimulator produces a flash of 
light, 'X (t) which may be regarded as an impulse. Since 
18 
the Fourier transform of an impulse function is unity, the 
equation becomes: 
This implies that the system is completely characterized 
by the Fourier transform of its output when its input is 
an impulse. For that to be strictly true the system must 
be linear and~(~~)WOUld have to be independent of the 
amplitude of the impulse. AEPs do, however, vary with 
the intensity of the light flash, but this does not exclude 
the possibility that there are ranges of stimulus amplitudes 
~"~ ~ 
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over which the system responds linearly. 
Whether or not this transform will be useful in 
building mathematical models of the system, any such mod-
els must account for at least this level of complexity. 
19 
4, \.iJ 
iA;r ;:i 
~,....~-
CHAPTER III 
TECHNICAL CONSIDERATIONS 
General 
The data used in this project were obtained from 
recordings of evoked brain electrical activity of infants 
(Ellingson 1967) using visual stimulation (Figure 3) pro-
vided by a Grass model PS-l Photo stimulator which was 
triggered manually in a random manner. Coincident with 
each stimulus a marker artifact impulse was placed in the 
record to specify the start of each response. 
A Grass model 78 electroencephalograph continuously 
amplified and recorded the brain's electrical activity 
and the marker impulses. The amplifier outputs were al-
so recorded on 1/4 11 8 channel magnetic tape with one chan-
nel recording the marker artifacts. :Frequencies greater 
than 100 Hz were filtered out for recording on magnetic 
tape. 
At a later time, the tape recorded signals were 
played into the Enhancetron 800 (Nuclear Data Inc., Palatine, 
Illinois) which summed fifty responses (one second seg-
ments of the activity following the marker artifacts) • 
These sums were each displayed by an X-Y plotter and their 
21 
graphs used as the AEPs for the project. 
Two infants and one adult were used as subjects. One 
AEP was obtained for each subject using an amplifier with 
its lower bandwidth adjustment (time constant) set at 0.1. 
In addition the responses of one of the infants were si-
multaneously recorded using amplifiers with time constant 
of 0.6 and 0.01. 
Each one second graphical AEP was manually converted 
to 50 digital values taken at equal increments in time. 
Using these digital data and an IBM 1800 series Data Ac-
quisition and Control System, the magnitude and phase of 
the Fourier transform of each AEP were computed and dis-
played. 
~ Summing Operation 
The Enhancetron samples the taped responses for a 
specified time period (in this case one second) following 
each artifact impulse and each sampled voltage is compared 
to 256 internal reference voltages. For each of 512 sam-
ples taken there is a corresponding memory unit. One 
count is added to the "ith" memory unit for each reference 
level below the "ith " sample voltage and one count is sub-
tracted from that memory unit for each reference level 
above the sampled voltage. The count remaining in that 
., L. __ .l, 
i).,jli,l! 
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memory unit represents the value of the sampled voltage 
in relation to the 256 internal reference voltages. The 
512 memory units then represent the relative values of 
the 512 samples of the response. After each successive 
response is sampled and its values compared to the refer-
ence levels, counts are added and subtracted from each 
memory unit for each sample voltage. The counts remain-
ing in the memory units represent the relative algebraic 
sums of the voltages sampled from the responses at cor-
responding time increments. 
computation 2!~ Fourier Transform 
The choice of values for W presented some problems. 
Significant variations in bothlH~1 andLH ~w were found 
at increments of .2511radians or 1/8 Hz. Computing the 
integrals using all 512 data points and a large range of 
frequencies would have been impractically time consuming 
and costly. For this reason only 50 sample values were 
used and the integral computed to ~ = '30 H,. 
It should be noted that for each AEP there are 512 
sample values available from the Enhancetron compared to 
the 50 used here, and that the range of frequencies used 
b d h . ddt b ..t.. \J~ extends eyon t at cons~ ere 0 e accurate, ~.e .... I~ 
the sampling frequency. 
22 
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Numerical computation of the transform based on the 
equations given above while time consuming, is not com-
plicated, and techniques for displaying the results will 
vary with the facilities available. For these reasons 
the programs written for the project are not included in 
this thesis. 
23 
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CHAPTER IV 
RESULTS 
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The Fourier transforms of five AEPs were computed as 
described in Chapter III. AEP no. 1 is from a 3 day old 
infant (amplifier time constant 0.1). A 12 hour old in-
fant was the subject for AEP no. 2 (time/constant 0.1), 
no. 3 (time constant 0.6) and no. 4 (time constant 0.01). 
These AEPs of subjects classed as neonatal infants are 
compared with an AEP from an adult, no. 5. 
The results are presented graphically. One AEP is 
shown as it was plotted from the Enhancetron and also from 
the 50 digital data points used in the Fourier trans for-
mation (Figure 4). Similar fidelity was obtained for the 
other AEPs. Plotting negatively upward is in keeping with 
EEG convention. Zero values for each AEP were located by 
sight since only the voltage fluctuations of the occipital 
lead with respect to the earlobe lead were recorded and 
the fluctuations of either with respect to ground are not 
known. The Figures 6 through 10 give the magnitude and 
phase of the Fourier transforms of the AEPs. These mag-
nitudes are plotted with the highest value of each curve 
normalized to unity. The actual highest value is noted, 
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but comparisons between AEPs on this basis are not justi-
fied because the original AEPs are not comparable in am-
plitude scaling. 
Figure 5 is offered as an aid in interpreting the 
phase plots, and shows the changing "position" of a sinus-
oid for various phase angles. Some artifact may be present 
in the phase plots because the phase change was assumed to 
be continuous and where consecutive values skipped quad-
rants the direction of continuity plotted is judgmental. 
While this will not interfere with the very limited 
conclusions to be drawn from the results of this investi-
gative project, it may be important in future work. 
In general, the low frequency components predominate 
and the higher the frequency the greater the phase lag. 
The Fourier transforms of the infant AEPs computed from 
the same responses amplified by different amplifiers are 
noticeably different. 
The Fourier transform of the adult AEP has less pre-
dominant low frequencies and a slower and more regular 
phase la,g for increasing frequencies. 
d9 
Perhaps the change of phase with freqUencycr~ of 
their Fourier transforms will be a useful means of des-
cribing AEPs. 
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CHAPTER V 
CONCLUSION 
The feasibility of the computation of the Fourier 
transforms of AEPs by digital computer has been demon-
strated. The transforms of the four neonatal AEPs are 
more like each other than anyone of them is like the trans-
form of the adult AEP. 
The usefulness of the Fourier transform to compare 
and contrast AEPs clinically and in neurophysiological re-
search depends on the extent to which the differences in 
magnitude and phase of the transforms can be quantified. 
A large series of transforms would be required to deter-
mine which comparisons, if any, would be significant. As 
performed for this project, computation and plotting of 
each transform required more than 10 minutes of computer 
time. The number of sample values probably should not be 
reduced below 50, but the number of values of ~ considered 
could be substantially reduced (from 240) if the signifi-
cant frequency components were known. Another method of 
computation reportedly 100 times faster than the direct 
approach could also be used (Brigham 1967). This recent 
publication was not available at the time this project was 
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undertaken. 
One limitation of the AEP itself is that in averaging, 
relevant as well as irrelevant variation in the individual 
responses is obscured, and processes which depend on space-
time distortion such as planning and imagnination would not 
be expected to reveal themselves in activity "time locked" 
to stimulus. 
still on the level of perception, the time invariance 
of the visual system is literally of vital importance. 
AEPs may reasonably be expected to reveal significant in-
formation about the development and function of visual 
perception (the auditory and somesthetic systems are also 
currently being investigated). It has been suggested that 
the AEP is an expression of the differing "arrival times" 
of sensory information taking different routes from the 
sensory organ to the cortex. In that case models based 
on the frequency response characteristics of a model system 
would have little anatomical meaning. In any case, models 
of the sensory systems must at least account for the level 
of complexity implied by the transforms of the AEPs of 
those systems. 
Because of the time required to calculate each AEP, 
"on line" computation of the transforms would be practi-
cal only on a time sharing basis. perhaps a special 
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purpose analogue or digital computer coupled to the 
Enhancetron would provide the most economical and flexi-
ble means of computing the transforms. 
progress must be made in two areas before Fourier 
transformation of AEPs can be said to be useful and prac-
tical. Large series of AEPs must be transformed and norms 
established for the amplitudes and phase angles of their 
frequency components. The cost and time of computing the 
transforms must be reduced. The results of this project 
indicate that such progress is possible and that the 
Fourier transform may well provide a more comprehensive 
and quantitative means of comparing AEPs than is currently 
available. 
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